Fetal (FLC) and adult Leydig cells (ALC) secrete insulin-like peptide 3 (INSL3), which is linked to cryptorchidism in the newborn rat. Its gene regulation appears to be independent of that for most steroidogenic enzymes, and may thus be a marker for other aspects of ALC differentiation. Our study examined the following on INSL3 peptide expression in ALC lineage (i) timing, (ii) which cell stage, and (iii) effects of triiodothyronine (T3). Male Sprague-Dawley (SD) rats of postnatal days (pd) 1, 5, 7-21, 28, 40, 60, and 90 were used for the objectives (i) and (ii). For the objective (iii), control and T3-treated (daily T3 SC, 50 mg/kg bw) SD rats of pd7-16 and 21 were used. INSL3 was immunolocalized in Bouin's-fixed testes. FLC were positive and mesenchymal and Leydig progenitor cells were negative for INSL3 at tested ages. INSL3 in ALC lineage was first detected in newly formed ALC on pd16, although they were present from pd10. The intensity of INSL3 label was greater in ALC of pd40-90. ALC were present in T3-treated testes at pd9, but INSL3 first detected in them was on pd12. While INSL3 in FLC regulates testicular descent, INSL3 in ALC still has no well-defined function. However, its pattern of expression correlates temporally with the development of steroidogenic function and spermatogenesis. Thus, the delay between ALC differentiation and INSL3 expression in them implies that INSL3 in ALC is associated with maturation. The advancement of INSL3 expression in the ALC of T3-treated rats implies that this function is established earlier with T3-treatment.
Introduction
The peptide hormone insulin-like peptide 3 (INSL3), previously referred to as relaxin-like factor, or Leydig cell-derived insulin-like factor, is regarded as a marker for Leydig cells of the postpubertal testis in many species including human (Adham et al. 1993 , Ivell et al. 1997 . Based on the fact that the fetal Leydig cells (FLC) secrete INSL3 and testosterone in a gonadotropin-independent manner, INSL3 in rodents is considered to be developmentally regulated (Zimmermann et al. 1997) . The role of INSL3 in the prenatal rodent testis is well established, being required for testicular descent (Nef and Parada 1999 , Tomboc et al. 2000 , Ivell and Bathgate 2002 . Homozygous INSL3-deficient mice exhibit bilateral cryptorchidism, reflecting a crucial role for INSL3 during the first, transabdominal phase of testicular descent (Nef and Parada 1999, Zimmermann et al. 1999) . In utero exposure of rats to di(n-butyl) phthalate (DBP) suppresses INSL3 gene expression, leading to cryptorchidism (McKinnell et al. 2005) . However, the role for INSL3 peptide in the postnatal testis is not well understood.
In the mouse testis, with the onset of puberty, INSL3 gene activity is strongly upregulated (Balvers et al. 1998 , Spiess et al. 1999 . Moreover, mature Leydig cells in the mouse produce INSL3 in a constitutive manner during adult life (Zimmermann et al. 1997 , Balvers et al. 1998 , Spiess et al. 1999 . Research on the hypogonadal mouse, which lack functional gonadotropin production, has revealed that, at least in rodents, postnatal initiation of INSL3 production by the Leydig cells is luteinizing hormone (LH)-dependent (Balvers et al. 1998) . These facts are also consistent with the observations on seasonal expression of INSL3 in the deer testis, which showed upregulation of INSL3 production is LH-dependent (Hombach-Klonisch et al. 2004) .
Although in utero exposure of rats to DBP dramatically decreases the INSL3 gene expression in FLC, in utero exposure to flutamide has no effect (McKinnell et al. 2005) . This latter observation suggests that INSL3 expression in FLC is not androgen-regulated. INSL3 protein expression is reduced in Leydig cells of rats upon aging (Paust et al. 2002) and in roe deer during winter (Hombach-Klonisch et al. 2004) ; in both of these situations circulating LH levels are rather low, and supportive of the concept that INSL3 production in Leydig cells reflects the LH-dependent differentiation status of the adult Leydig cell (ALC) in these circumstances. It is also reported that immunoexpression of INSL3 in Leydig cells of rats is strong on embryonic days 17.5 and 19.5 and after postnatal day 35, and weak during prepubertal ages (McKinnell et al. 2005) . However, when precisely INSL3 is first expressed in the ALC lineage and in which cell stage of the lineage are information still unavailable in the literature; these issues are addressed in the present investigation.
The onset of the differentiation of ALC in the rat and mouse testes is independent of LH (Ariyaratne et al. 2000a , 2000b , 2000c , Baker et al. 2003 . However, LH is required for the steps beyond the differentiation of Leydig stem cells to progenitor cells for further development and maturation of the progenitors to become mature ALC (Mendis-Handagama and Ariyaratne 2001). Thyroid hormone has a critical regulatory function on the onset of the differentiation of Leydig stem cells in the postnatal rat testis (Mendis-Handagama and Ariyaratne 2001). Arrest in the postnatal differentiation of ALC occurs under hypothyroid conditions in the prepubertal rat testis (Mendis-Handagama et al. 1998 , Teerds et al. 1998 , Ariyaratne et al. 2000b , 2000c and following ethane dimethane sulfonate (EDS; kills Leydig cells in 48 h after administration) treatment in the adult rat testis (Ariyaratne et al. 2000d) . Moreover, triiodothyronine (T3)-treatment in neonatal-prepubertal rats (Teerds et al. 1998 , Ariyaratne et al. 2000c and following EDStreatment in adult rats (Ariyaratne et al. 2000d ) advances the onset of Leydig cell differentiation and results in increased numbers of Leydig cells per testis. However, these studies clearly state that although thyroid hormone is crucial for the onset of Leydig stem cell differentiation, LH and many other factors are essential for the stage beyond the onset of stem cell differentiation, which is maturation. There is no information on whether thyroid hormones have any effects on INSL3 production in Leydig cells of the postnatal testis in any mammalian species studied to date, including the rat. Therefore, in the present study, the effect of T3 on INSL3 expression in the adult population of Leydig cells in the rat testis was also investigated.
Materials and Methods

Animals
Male and female Sprague-Dawley rats were obtained from Harlan (Madison, WI, USA). They were paired (1:1) and housed in a single cage in the animal facility of The University of Tennessee College of Veterinary Medicine, under conditions of controlled temperature (25 8C) and lighting (14 h light:10 h darkness). Rats were provided food (Agway Prolab formula, Syracuse, NY, USA) and water ad libitum and were observed daily for litters. The day the pups were born was considered as day 1 of birth. Untreated male rats of 1, 5, 7-21, 28, 40, 60 , and 90 days of age (nZ5 per group) and triiodothyronine (T3, Sigma; 50 mg/kg body weight)-treated rats (Ariyaratne et al. 2000c (Ariyaratne et al. , 2000d ) of days 7-16 and 21 days of age (nZ5 per group) were used.
INSL3 antibody
The anti-INSL3 antibody used in the immunocytochemical investigations of the present study was a polyclonal antibody raised in rabbits against the recombinant mouse INSL3 precursor. Details of the antibody are published elsewhere (Paust et al. 2002 .
Collection and preparation of testis tissue
Rats were euthanized by excess carbon dioxide and their testicles were removed, fixed by immersion in Bouin solution for 5-6 h. Fixed testis tissues were washed with 70% ethanol for several days until the yellow color (picric acid in Bouin solution) disappeared from the ethanol. Using an automated tissue processor (Tissue Tek, Miles Scientific, Cambridge, MA, USA), tissues were then processed through cycles of graded ethanols and xylene, infiltrated with, and then embedded in paraffin (Paraplast, Oxford Labware, St Louis, MO, USA). Paraffin-embedded testis tissue blocks were used to make 5 mm sections using a Leitz microtome (three sections/testis). Tissue sections were adhered to ProbeOn Plus glass microscope slides (Fisher Scientific, Pittsburgh, PA, USA) to perform immunocytochemistry.
Immunolocalization of INSL3 peptide in rat testes
Paraffin wax in testis tissue sections was removed with xylene and rehydrated with decreasing concentrations of ethanols and brought in to deionized water. These sections were then washed in PBS (pH 7.3) for 5 min and incubated in 3% hydrogen peroxide for 20 min. Sections were then washed again in PBS and normal goat serum was added to tissues overnight (4 8C) to bind nonspecific proteins. The INSL3 antibody was used at a dilution in the ratio of 1:200 in streptavidin-peroxidase diluent (BioGenex, San Ramon, CA, USA) and incubated on tissue sections overnight at 4 8C. Testis tissue sections used as negative controls were incubated with normal rabbit serum. INSL3 was detected using a commercially available biotin-streptavidin kit (BioGenex) according to the manufacturer's instructions. Sections were counterstained with Harris' hematoxylin, dehydrated with increasing concentrations of ethanol, brought to xylene and coverslipped using Permount. By performing the procedure thrice, repeatability of the results was confirmed.
Results
In the Leydig cell lineage of the adult population, INSL3 peptide was first detected at day 16 in newly formed ALC (Fig. 1A) . The number of INSL3 positive cells in the testis interstitium increased with the advancement of age (Fig. 1A-F) . The intensity of the INSL3 label was much greater in ALC at days 40, 60, and 90 when compared with the younger ages tested (Fig. 1A-E) . Fetal-type Leydig cells in the postnatal rat testis showed positive cytoplasmic labeling for INSL3 ( Fig. 2A and B) . The elongated spindle-shaped cells in the testis interstitium were negative for INSL3 for all ages tested in control and T3-treated rats (Figs 1-5) .
The newly formed ALC in the testis interstium were easily distinguishable from peritubular mesenchymal cells/Leydig stem cells, progenitor cells and FLC, because they appear as small circular or polygonal profiles and initially not in clusters (Figs 1A and B and 3A and B) . FLC usually appear as clusters of large circular profiles ( Fig. 2A and B) , surrounded by basal lamina components, which were evident in many of the sections (Fig. 2B) . The peritubular mesenchymal cells and the progenitor cells could be easily identified because they are spindle-shaped (Figs 1-5 ). These newly formed ALC were present in the testis interstitium from postnatal day 10, but INSL3 peptide was not detected in them until postnatal day 16 (compare Fig. 3A and B) ; however, not all ALC at this age showed a positive label for INSL3 (Fig. 3B) . In T3-treated rat testes, these newly formed ALC were first detected at day 9; however, they were not positive for INSL3 peptide on that day. The first detection of INSL3 epitopes in ALC of T3-treated rats was on postnatal day 12 (Fig. 4A) , which is in contrast to the postnatal day 16 in control rats (Fig. 3B) . The number of the ALC positive for INSL3 protein was greater in T3-treated rats when compared with the age-matched control rats at the tested ages (Figs 3B and 4B and 5A and B) . Moreover, as shown in micrographs, labeling for INSL3 peptide was absent in some ALC whilst other ALC were positive for INSL3 (Figs 3 and 4) . This heterogeneity for INSL3 labeling was mainly observed at younger ages (40 days and younger). Also, many seminiferous tubules of T3-treated rats showed evidence of a lumen and appeared at a more advanced stage of germ cell differentiation than the control rats (compare Figs 2A  and B, 3A and B, 5A and B). A newly formed ALC in a 21-day-old testis, which is still not positive for INSL3 protein is shown with an arrow and asterisk (*). Arrow heads depict spindle-shaped cells in the testis interstitium, which were negative for INSL3 peptide at all tested ages. S, seminiferous tubules; I, testis interstitium; and barZ4 mm for A-E and 28 mm for F.
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Discussion
Our objectives of the present study were threefold. The first two objectives were to examine the cell type and the timing of the first expression of INSL3 peptide in the ALC lineage in the rat testis. Our findings revealed that all spindle-shaped cell types in the testis interstitium, namely, endothelial cells, myoid cells, pericytes, mesenchymal cells, (peritubular and centrally positioned) and Leydig progenitor cells were negative for INSL3 peptide at all tested ages. We also demonstrated that the first detection of INSL3 peptide in the postnatal rat testis is on day 16 in newly formed ALC. To our knowledge, this is the first report to identify the cell type (i.e. newly formed ALC) and the timing of first expression of INSL3 peptide in the ALC lineage in any mammalian species studied to date, and specifically in the rat. It is also interesting to note that there is a time lag of 5 days between the first detection of this cell type in the postnatal rat testis interstium, which occurs on postnatal day 10 (Mendis-Handagama et al. 1987, Ariyaratne et al. 2000a Ariyaratne et al. , 2000b Ariyaratne et al. , 2000c , and the first expression of INSL3 peptide in these cells. The unequivocal identification of the newly formed ALC in the testis interstitium of the prepubertal rat is relatively straightforward because of the characteristic morphology of these cells, as documented in previous studies by basement membrane components, due to their smaller size and little or no cytoplasmic lipid.
Fetal Leydig cells were the only cell type in the testis interstitium, which were positive for INSL3 peptide in the rat testis from postnatal days 1-15. The presence of FLC in the postnatal rat testis staining positively for INSL3 is in agreement with the study of McKinnell et al. (2005) . However, we found that the labeling for INSL3 in FLC in the postnatal rat testis is not as weak as reported by McKinnell et al. (2005) . It is possible that the duration of tissue fixation, which was 3 h in the study of McKinnell et al. (2005) and 5-6 h in the present study, the conditions of tissue processing, or the different antibody used, may have contributed to these differences in the two studies.
We never observed any spindle-shaped cells in the testis interstitium to be positive for INSL3 peptide at any stage. As the concentration of INSL3 in Leydig cells is considered to reflect their functional status (Foresta et al. 2004) , the time lag observed between the first appearance of the newly formed ALC in the prepubertal rat 
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in neonatal-prepubertal rats (Teerds et al. 1998 , Ariyaratne et al. 2000c and following EDS-treatment in adult rats (Ariyaratne et al. 2000d ) advances the onset of Leydig cell differentiation and results in increased numbers of Leydig cells per testis. In the present study, T3-treatment caused a reduction in the time lag between the first detection of the newly formed ALC, as shown previously (Ariyaratne et al. 2000c) , and also the presence of INSL3 peptide in them 3 days after their first appearance, compared with untreated controls, which had a time lag of 6 days. This finding is also reminiscent of what is seen with plateletderived growth factor-A protein (PDGF-A) expression in cells of Leydig lineage, as T3-treatment caused a reduction in the time lag between the first appearance of ALC and the first detection of PDGF-A in them (Fecteau et al. 2006) . The observations of the present study suggest that the role of INSL3 in the cells of Leydig lineage is established in half the duration or faster following T3-treatment when compared with the controls.
It has also been observed that culture of isolated Leydig cells from sexually mature rats with T3 resulted in stimulated secretion of testosterone and estrogen under basal conditions as well as in response to LH-stimulation (Maran et al. 2000) . Additionally, T3-treatment of mouse Leydig cells coordinately augmented the levels of steroidogenic acute regulatory (StAR) protein and StAR mRNA, and steroid production (Manna et al. 1999 (Manna et al. , 2001a (Manna et al. , 2001b . StAR protein is involved in the intracellular cholesterol transport mechanism during LH-stimulated steroidogenesis in Leydig cells (Stocco 1996) . Therefore, it appears likely that T3 has accelerated the establishment of steroidogenic function in ALC. This suggestion is also supported by the fact that the seminiferous tubules of T3-treated rats were at a more advanced stage of development when compared with age-matched controls up to 21 days, possibly due to more androgen availability following T3-treatment. If the first detection of INSL3 peptide in newly formed ALC is an indication of the functional maturation of the ALC population, T3-treatment appears to accelerate the mechanisms involved in the maturation of these cells by reducing the time by 50% when compared with controls.
LH stimulates testosterone and INSL3 production by the Leydig cells during development in vivo. Human studies conducted with treatments of different combinations of hormones of the hypothalamo-hypophyseal-testicular axis have suggested that the production of INSL3 is linked to the status of that axis (Foresta et al. 2004) . However, it is also reported that INSL3 secretion is dependent on the chronic differentiating effect of LH on Leydig cells but independent of the acute steroidogenic LH-mediated action (Sadeghian et al. 2005) . Thus, even though testosterone and INSL3 are both dependent on LH, these two Leydig cell hormones appear to be regulated differently (Bay et al. 2005) .
Six days into the maturation towards the next cell stage of the lineage, the newly formed ALC in the postnatal rat testis express INSL3 peptide for the first time in their lineage. This observation coincides with the gradual rise in circulating LH levels at this time, which are rather low at the time of the onset of Leydig stem cell differentiation in the rat (Lee et al. 1975) . It is also interesting to note that receptors for LH have been first detected in the ALC lineage on postnatal days 11 and 12 in control and T3-treated rats respectively, (Ariyaratne et al. 2000c) , being 3-4 days prior to the detection of INSL3 peptide.
If INSL3 production in the postnatal Leydig cells is LH-dependent, it is possible that the first detection of INSL3 in newly formed ALC at postnatal day 16 may be an indication of the progression of the functional maturation of the ALC population, which occurs faster (reducing the time taken since their appearance in the testis interstitium by 50%) in T3-treated rats. Based on the findings of the present investigation, we suggest that the expression of INSL3 peptide in the ALC lineage reflects a milestone in their differentiation process, and may be one the indications of their functional maturation for androgen production.
